Aim: Hepatic ischemia-reperfusion (IR) injury is a major complication associated with liver transplantation and surgery. The aim of this study is to investigate the cytoprotective effects of nitrite on hepatic IR injury. Methods: Groups were arranged as follows: control, sham, IR protocol (45 minutes ischemia, 5 hours reperfusion) and study groups administered with 4 different concentrations of sodium nitrite given 12 and 24 hours prior to protocol. After IR protocol, serum transaminase and lactate dehydrogenase (LDH) enzyme activities were determined as quantitative indices of liver damage. Malondialdehyde (MDA) levels, glutathione levels and antioxidant enzyme activities were determined in liver tissues of all study groups. Additionally inflammatory and tissue remodeling processes were investigated. Histological evaluations were also performed. Results: Serum transaminase and LDH activities were found to be increased in IR group compared to control group. Glutathione content and ratio of reduced glutathione to oxidized glutathione were found to be significantly decreased; oxidized glutathione and MDA content significantly increased in the IR group. All antioxidant enzyme activities were found to be lowered in IR group. TNF-a, IL-1b, IL-6, IL-8, IL-12, MMP-2 and MMP-9 levels were significantly increased in IR group compared to control group. In all nitrite administered groups, all parameters which were found to be changed with IR protocol were decreased to control levels depending on the concentration of nitrite. Total histological damage score at light microscope level was significantly higher in IR group. Nitrite improved histological damage scores by receiving similar scores with the control group. Conclusion: Based on findings, nitrite administration was found to have cytoprotective effects on hepatic IR injury.
Introduction
Hepatic ischemia-reperfusion (IR) injury is a pathophysiological problem commonly observed in surgical procedures. Hepatic ischemia followed by reperfusion is resulted in tissue injury that contributes mainly to morbidity and mortality associated with shock, thermal injury, liver transplantation and resectional surgery [1] . The early phase of injury occurs in the absence of leukocyte infiltration and is thought to be initiated by a rapid change in the redox state of the tissue in favor of a more oxidative environment. The late phase of injury is dependent upon the production of several different cytokines and chemokines that promote the infiltration of large numbers of leukocytes into the tissue [3] [4] [5] . Extravasated polymorphonuclear leukocytes (PMNs) become metabolically activated and release large amounts of reactive oxygen species (ROS) together with extracellular matrix degrading enzymes such as collagenase and matrix metalloproteases [6] . The net result of this inflammatory infiltrate is an amplification of the acute injurious responses resulting in extensive inflammatory tissue injury.
Mitochondrial dysfunction is known to contribute to the progression of IR and a number of cytoprotective agents, including the protective ischemic preconditioning, mediate their action through mechanisms that converge at the level of the mitochondrion. NO is a well-characterized modulator of mitochondrial function and has been implicated in the signaling of ischemic preconditioning. Paradoxical reports have been published on effects of NO in IR injury. Some studies showed that NO worsens IR injury [7, 8] on the other hand some of them reported that NO has a protective role in IR. Various studies were performed concerning the exact cause of this paradoxical situation and it was reported that the concentration of released NO is important; high concentrations of NO may lead to the formation of reactive nitrogen species that enhance IR injury whereas lower concentrations of NO has protective effect [9] [10] [11] . The purpose of the present study was to evaluate the role of preconditioning with nitrite which is identified as an endocrine reservoir of NO [12, 13] in hepatic IR injury in mice and also to support findings with histological studies. Furthermore we aimed to determine effects of nitrite on antioxidant enzyme systems, cytokines and extracellular matrix degrading enzymes.
Material and Methods

Materials
All chemicals were purchased from Sigma Chemical Co. (Germany).
Liver IR Protocol in Mice
This study was approved by the Animal Ethics Committee of Hacettepe University (2006/15-13) and was performed in compliance with the Ethical Guidelines for Animal Studies. Study groups were randomly assigned as control, sham and IR protocol ( Table 1) . Each group consisted of 6 mice.
Male Albino mice (8-10 weeks) with body weights of 25-30 g were obtained from the Animal House of Hacettepe. The mice were maintained under conditions of a 12 hours light/dark cycle and had free access to food and water.
Partial mouse liver ischemia was performed according to the method of Abe et al. [14] . The median and left lateral lobes (approximately 70% of the liver) showed significant blanching after 45 minutes of ischemic period. Abdomen was closed and the animal was allowed to recover for 5 hours of reperfusion period. Immediately after the reperfusion period, the blood and tissues were collected from the anesthetized mouse. The right atrium was punctured and blood was aspirated with a syringe. Blood samples were centrifuged at 3500 x g for 10 min, and the obtained serum was stored at −20 °C. The hepatic lobes were promptly resected, weighted, washed in cold saline and kept at −80°C. Liver tissues were homogenized in cold potassium phosphate buffer (50 mM, pH 7.4); centrifuged at 3500 x g for 10 min at 4°C, and the supernatant was used for the determination of lipid peroxidation, glutathione content and antioxidant enzyme levels.
Determination of Serum Transaminase and LDH Activities
Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities were determined as quantitative indices of liver damage according to the colorimetric method of Reitman [15] . Serum LDH activities were determined according to a method based on monitoring the conversion of NADH to NAD + at 340 nm [16] . Activities were expressed as U.L -1 .
Determination of Plasma and Tissue Nitrite and Nitrate Levels
Plasma and tissue nitrite and nitrate levels were determined according to a method based on Griess reaction [17] . Plasma nitrite and nitrate levels were expressed as μmol.L -1 and tissue nitrite and nitrate levels were expressed as nmol.g tissue -1 .
Determination of Lipid Peroxidation in Liver Homogenates
Lipid peroxidation in liver tissues was determined according to the method of Ohkawa et al. [18] based on the reaction of MDA with thiobarbituric acid. Results were expressed as nmol.mg 
Determination of Reduced and Oxidized Glutathione Levels
Reduced (GSH) and oxidized (GSSG) glutathione levels in liver tissues were determined according to the method of Sanchez-Alvarez et al. [19] . Glutathione levels were expressed as nmol.mg 
Determination of Antioxidant Enzyme Activities in Liver Homogenates
Catalase (CAT) activities in liver tissues were determined according to the method of Ueda et al. [20] and activities were expressed as nmol.mg -1 . Glutathione S-transferase (GST) activities in liver tissues were determined spectrophotometrically by monitoring the formation of 1-chloro-2,4-dinitrobenzene (CDNB) and GSH conjugate at 340 nm [21] and activities were expressed as U.mg -1 . Glutathione reductase activities were determined according to the method of Carlberk and Mannevrik [22] ; activities were expressed as nmol.mg -1 . Glutathione peroxidase (GPx) and superoxide dismutase (SOD) activities were determined by Glutathione Peroxidase (Cayman Chemicals, Ann Arbor, Mich.) and Superoxide Dismutase (Cayman Chemicals, Ann Arbor, Mich.) assay kits respectively and activities were expressed as U.mg -1 .
Determination of Myeloperoxidase Activities in Liver Homogenates
Myeloperoxidase (MPO) activities in liver tissues were determined according to the method of Ferreira et al. [23] . MPO activities were expressed as U.mg -1 .
Determination of Plasma Cytokine Levels
Plasma TNF-a and plasma IL-1b levels were determined by Mouse TNF-a ELISA Kit (BD BioSciences, USA) and Mouse IL-1b ELISA Kit (BD BioSciences, USA) respectively and expressed as pg.ml -1 . Plasma IL-6, IL-8 and IL-12 levels were determined by Mouse IL-6, IL-8 and IL-12 ELISA Kits (All from BD BioSciences, USA), respectively and expressed as pg.ml 
Determination of Plasma MMP Levels
Plasma MMP-2 and MMP-9 levels were determined by MMP-2 and MMP-9 ELISA Kits (AbFrontier, Korea) and expressed as ng.ml 
Light Microscopy on Paraffin Sections
Liver samples were fixed in phosphate buffered formalin and embedded in paraffin. Five to seven micrometer thick heamatoxylin & eosin and periodic acid schiff (PAS) stained sections were semi quantitatively evaluated with a Leica DMR microscope; DC500 digital camera by using Leica application suite (LAS) software (Westlar Germany). In brief 40 sections were examined in a blinded manner for each liver and a score from 0 to 3 or 4 was given to each liver section for the extent of sinusoidal congestion and hepatic cytoplasmic vacuolation infiltrating polymorphonuclear leukocytes, liver necrosis and 
Transmission Electron Microscopy on Plastic Sections
Liver samples were fixed in gluteraldehyde in Sorensons' phosphate buffer; post-fixed in osmium tetroxide and embedded in araldite (EMS, Germany). Semi-thin sections were stained with methylene blue-Azur II; thin sections were stained with uranyl acetate and lead citrate, analyzed on a transmission electron microscope (Jeol, JEM1400) attached Orius digital camera for acute tubular necrosis criteria. Ultrathin sections were examined in a blind manner (unaware of the groups). In order to check the presence of mitochondrial swelling, the width of the hepatocyte mitochondria was measured on at least 3 pictures, at five points on each picture, and the average values were taken. A total of minimum 100 mitochondria were measured for each sample [24, 25] .
Statistical Analysis
Biochemical Data: All enzyme activities were expressed as mean ± SD of at least three independent experiments and analyzed by SPSS software for windows version 16.0. 
Results
Increased ALT, AST and LDH levels are typically considered as existence of acute hepatic injury. In our study deprivation of blood flow of liver in mice for 45 minutes followed by 5 hours of reperfusion caused a dramatic increase in liver injury as assessed by increases in serum ALT, AST and LDH levels. Serum ALT, AST and LDH levels were significantly increased in IR group compared to control and sham groups (p<0.001). Nitrite administration at 12 and 24 hours prior to IR protocol caused a dose dependent decrease in ALT, AST and LDH levels compared to IR group (p<0.001) ( Table 3) . Plasma nitrite levels decreased in IR group compared to control and sham groups. Plasma nitrite levels of low dose nitrite administered study groups were similar with the physiological nitrite levels whereas in high doses of nitrite, plasma nitrite levels were increased (Table  4) . Similarly, liver nitrite levels of IR groups decreased compared to control and sham groups while liver nitrite levels of sodium nitrite administered study groups, especially in high doses of nitrite, significantly increased (Table 4 ). Compared to control and sham groups, plasma and liver nitrate levels of IR group decreased while sodium nitrite administration at 12 and 24 hours prior to IR protocol caused a dose dependent significant increase in plasma and liver nitrate levels (Table 4) . MDA concentration, as an indice of lipid peroxidation, significantly increased in IR group when compared to the control and sham groups. Nitrite administration at 12 and 24 hours prior to IR protocol caused a dose dependent decrease in MDA levels compared to IR group (Table 5) . Increased MDA levels following IR protocol indicate liver dysfunction. Nitrite administration decreased the MDA levels and liver functions were almost identical with control group. GSH content and GSH/GSSG ratio significantly decreased whereas GSSG content significantly increased in IR group. As expected, with nitrite administration GSH content and GSH/GSSG ratio was found to be increased and GSSG content was found to be decreased compared to IR group (Table 5 ). All antioxidant enzyme activities (GST, GR, GPx, CAT, SOD) significantly lowered in IR group compared to control and sham groups, possibly resulting from the depletion of the antioxidant pool, which is used to remove excess ROS produced during IR. Antioxidant enzyme activities of study groups, which were administered with sodium nitrite at 12 and 24 hours prior to IR protocol showed distinct increases, compared to IR group (Table 5) . MPO activities of liver tissue increased in IR group compared to control and sham groups. Besides, study groups of nitrite administration at 12 and 24 hours prior to IR protocol showed significant dose dependent decrease in MPO activity compared to IR group (Table 5) . Increased TNF-α, IL-1β, IL-6, IL-8 and IL-12 cytokine levels due to IR injury dose dependently decreased to control levels with nitrite administration. Plasma TNF-α, IL-1β, IL-6, IL-8 and IL-12 levels of IR group were found to be significantly increased compared to control and sham groups. Sodium nitrite administration at 12 and 24 hours prior to IR protocol caused a dose dependent decrease in plasma TNF-α, IL-1β, IL-6, IL-8 and IL-12 levels compared to IR group (Table 6 ). According to our results, MMP-2 and MMP-9 protein levels are significantly increased following IR injury and they decreased to control levels with nitrite administration (Table 6 ).
Histology and Histomorphometry
At both light microscope (LM) and the electron micros- Table 6 . TNF-α, IL-1β, IL-6, IL-8, IL-12, MMP-2 and MMP-9 levels of control, sham, IR and study groups administered with sodium nitrite 12 and 24 hours prior to IR protocol (*** P<0.001 versus control; ΨΨΨ P<0.001 versus IR, n=6). (Figure 1) . At the EM level, all of the study groups exhibited different ranges of mitochondrial swelling comparing to that of the control/sham group. Although the mitochondrial membrane was generally intact in all groups; loss of cristae and a decrease in matrix density were prominent in IR group. The lesser mitochondrial diameter observed in this study was significantly increased in IR group relative to control/ sham group (P<0.05). The hepatocyte mitochondria exhibited a healthy ultra structure with an orderly mannered arrangement in control/sham groups. 1.65 and 1650 µg/kg of nitrite administration both before 12 and 24 hours and the 165 µg/kg of nitrite administration before 24 hours improved the mitochondrial ultra structure by receiving could be observed in some of the individual hepatocytes belonging to IR groups. However these degenerative changes did not uniformly involve all of the hepatic lobules and zones within the same lobule. Especially high doses of nitrite administered groups revealed several healthy lobules.
Evaluation of the Correlation Between Biochemical and Histological Measurements:
AST and ALT levels exhibited positive correlations with the sinus congestion and hepatocyte cytoplasmic vacuolization (r=0.583, P=0.00 for AST and r=0.592, P=0.00 for ALT), PMNs infiltration (r=0.486, P=0.00 for ALT and r=0.519, P=0.00 for AST respectively), hepatic steatosis and necrosis (r=0.351, p=0.00 for ALT and r=0.379, P=0.00 for AST). The total LM histological score that is received by making the sum of the three histological measurements gave again a positive correlation with the AST and ALT levels (r=0.557, P=0.00 for ALT and r=0.587, P=0.00 for AST). The mitochondrial width measurement at the EM level revealing the mitochondrial damage exhibited a positive correlation with the biochemical ALT and AST levels (r=0.477, P=0.00 for ALT and r=0.532, P=0.00 for AST).
Discussion
Hepatic IR injury is an important problem in clinical conditions such as liver surgery for tumor excision, transplantation, trauma and liver failure accompanying hemorrhagic shock [26, 27] . Blood flow needs to be cut off partially or completely during liver surgery [28] . During this period, secretion of intracellular enzymes, calcium uptake into cells, lipid peroxidation in biological membranes and finally necrosis occur [29] . Various mechanisms such as rapid formation of ROS, PMNL activation, endothelial and complement system activation take part in injury observed during reperfusion period [30] . Membrane lipids, proteins and nucleic acids are shown to be the most sensitive components to reperfusion injury. But it is known that this process includes local and systemic inflammatory response and causes local and systemic permanent damage [31] . Ischemic preconditioning of an organ may induce protection against the injury caused by longer duration of ischemia and subsequent reperfusion. Since the cellular mechanisms of ischemic preconditioning have been elicited, researchers intend to mimic the effects of this phenomenon by chemical agents and generate a pharmacological conditioning [32] . NO is an important mediator, which can be synthesized by most of the cell types and takes part in several physiological and pathological processes in the body. It has been shown that NO, NO donors, NO activation or transgenic over expression of NO have protective effects on various IR models [33, 34] . NOS-independent NO resources are known to play a critical role in protection during ischemia or hypoxia and recent studies have reported that inorganic nitrite can be good NO resource [35, 36] . As nitrite reduces to NO enzymatically or non-enzymatically during hypoxia or acidosis it can be used as a new and efficient treatment to replace NO in disorders related to tissue ischemia. Studies supporting this idea have reported that administration of nitrite in physiological concentrations can protect tissues in vivo in hepatic and cardiac IR injury and nitrite-derived NO plays an important role in this cytoprotective effect [36] . Similarly, nitrite is reported to be efficient in hypoxiainduced pulmonary vasoconstriction and haemorrhagic shock model and hypochloric acid-induced chondrocyte toxicity in isolated cardiac IR injury model [37] . Despite the studies regarding the protective effects of nitrite administration before ischemia on hepatic IR injury in recent years [38, 39] the mechanism of this effect is still controversial. In this study, protective effects of nitrite treatment against hepatic IR injury, in 4 different concentrations administered 12 and 24 hours before ischemia, were evaluated. Nitrite is a natural oxidation product of NO and can be reduced back to NO under hypoxic conditions [40] . Plasma concentration of nitrite varies between 300 nM and 500 nM in different species [41] . Tissue nitrite concentration varies between 0.5 μM and 20 μM [42] . Thus the nitrite dose that will be administered for increasing its plasma and tissue concentration should be carefully decided and it was determined that the administered dose may not be observed directly in plasma. Consequently, in this study plasma nitrite and nitrate levels were determined both in IR and nitrite administered groups. Increased ALT and AST levels are accepted as indices of liver injury. In nitrite administered groups, ALT and AST levels were decreased to control group levels in a dose dependent manner. Furthermore, the effect of nitrite administration 24 hours before IR injury on ALT and AST levels were determined to be more effective compared to administration 12 hours before IR injury.
These results were supported with histological analyzes and LDH enzyme level which is another indices of liver injury. Lipid peroxidation in liver tissue was determined by MDA level, which is a product of lipid peroxidation. Increased MDA levels following IR injury have indicated hepatic dysfunction. Nitrite administration caused a decrease almost to control levels. Reducing effect of nitrite administration on ALT, AST, LDH and MDA levels indicated that nitrite administration has a protective effect against ischemia in a dose dependent manner. GSH depletion in IR is thought to be observed as a result of consumption of free radicals by GSH. Neutrophils and monocytes contain MPO, a heme enzyme, in their primary lysosomal granules. This enzyme is in communication with oxygen dependent mechanisms. In presence of MPO, formed peroxide and chloride ions are converted into hypochloric acid. Leukocyte activation and inflammatory mediators that are triggered by IR injury cause tissue edema and increase vascular permeability. Our results show that nitrite administration prevents neutrophil activation and infiltration and reduce the inflammatory response. Possible mechanism for this effect may be the decrease in ROS production as a result of nitrite administration. Hence, H 2 O 2 and ·OH will not be formed; chloride ions will not be converted into hypochloric acid and inflammation will not be triggered. Furthermore, antioxidant enzyme activities such as CAT, GST, GR, GPx and SOD and GSH levels were found to be decreased after hepatic IR protocol in mice compared to control group; and nitrite administration before ischemia were determined to cause an increase in antioxidant enzyme activities. In nitrite administered study groups, lipid peroxidation and GSSG levels were found to be decreased; GSH levels, GSH/GSSG ratio, CAT, GST, GR, GPx and SOD activities were found to be increased to control levels. Therefore the protective effect of nitrite can be thought to be related to ROS production mechanisms and antioxidant enzyme levels. Rapid increase in hepatic GSH levels during hepatic IR injury was suggested to be a result of neutralization effect of GSH on ROS.
Cytokines play important role in IR injury by inducing, mediating and determining severity of inflammatory response [43, 44] . These cytokines increase the expression of adhesion molecules and lead to leucocyte-sinusoidal endothelial cell interaction [45, 46] , which result in increase in cytokine production. TNF-a is a cytokine, which is known to play a role in cellular injury in IR [6] . IL-12 mediates leucocyte activation [47] and acts as a primary trigger of cytokine cascade induced by hepatic IR injury. Increased IL-1 levels were reported following hepatic vascular occlusion performed for partial hepatechtomy in human [48] . Furthermore, isolated rat Kupffer cells are known to maintain IL-1 secretion spontaneously after reperfusion injury [49] . IL-6 induces generation of acute phase proteins such as serum amyloid A, C-reactive protein, complement C3, fibrinogen and macroglobulin in hepatocytes [50] . There are inconsistent reports regarding the role of IL-6 during inflammatory process. Although some researchers have reported that liver regeneration is failed in IL-6 gene knock-out mice [51, 52] , others have claimed that IL-6 has a protective effect on hepatic injury during liver regeneration. Pro-inflammatory mediators such as TNF-α, which appear during the early phase of liver injury, induce CXC chemokine formation [53] [54] [55] [56] . IL-8 is a CXC chemokine and has a role on neutrophil recruitment to the injured tissue during IR [57] . All studies reporting the roles of cytokines on IR injury support that the inflammatory process before or after injury is complicated. Therefore various anti-inflammatory treatment strategies were developed for administration after liver transplantation to relieve the inflammatory process [58] . Effects of nitrite on these cytokine levels were determined in this study. Increased TNF-α, IL-1b, IL-6, IL-8 and IL-12 cytokine levels due to IR injury decreased dose dependently to control levels with nitrite administration. This result proved that the cytoprotective effect of nitrite is not only over antioxidant systems but also on inflammatory processes. Consistent with other results, response to nitrite is more effective when nitrite is administered before 24 hours of ischemia compared to 12 hours. On the basis of our results it is determined that nitrite has cytoprotective effect not only on antioxidant systems but also has an effect on inflammatory process. Following the inflammatory process observed during tissue injury, fibrosis is observed. MMPs and their tissue inhibitors TIMPs are basic enzymes that have role in this fibrosis process. Studies showed that MPPs have important roles on IR injury [59] . Fibrosis is believed to occur as a result of imbalance between MMPs and TIMPs [60] . MMPs are zinc-dependent endopeptidases and belong to an enzyme family of proteases. They play a role in cell response to their microenvironment. The most important response is the ability of degrading extracellular matrix components [61] . In this study, MMP levels in hepatic IR injury performed in mice and effects of nitrite administration on these levels were determined. MMP-2 and MMP-9 are important for liver due to their degradation ability of collagen IV and fibronectin, two important components of space of disuse [62] [63] [64] . MMP-2 and MMP-9 are expressed not only by nonparenchymal liver cells such as Kupffer cells or sinusoidal endothelial cells but also by hepatocytes [65, 66] . Our findings suggest that nitrite administration before ischemia has a protective effect also via extracellular matrix components. In summary, our results clarified that a significant ROSmediated tissue injury occurs during hepatic IR and nitrite administration either 12 or 24 hours before ischemia has a protective effect against injury. This is the only study that considers effects of nitrite preconditioning on antioxidant enzyme activities and at the same time on cytokine and MMP levels in the same group of mice.
